Microfabricated channels are widely thought to be the key to realizing chemical analysis on a microscopic scale. Chemical and biological information in the microchannels is often probed with optical techniques such as fluorescence, Raman and absorption spectroscopy. However, the optical effects of a microchannel are not well characterized. For example, it is important to understand the optics ofthe channel in order to optimize optical coupling efficiency. We consider various designs for enhancing the sensitivity of fluorescence detection in a microchannel.
Biological and chemical sensing requires three basic functions: collection, separation, and detection. There are two basic schemes generally used for sample separation. Flow systems such as electrophoresis separate the analyte in a single dimension. Patterning is another technique used for separation. With patterning, the sample interacts with a surface that has been patterned with specific molecules (antibodies, enzymes, etc.). When prepared properly, the sample will leave a unique two-dimensional trace. For detection, we focus on fluorescence because ofthe high sensitivity ofthe technique. For the chem-lab on a chip project both chemicals (explosives) and particulate (cells, viruses) are important to detect. We present methods offluorescence enhancement for both separation techniques with optical detection.
MICROCHANNEL -MICROCAVITY
Figure 1 illustrates one design we have used to measure fluorescent beads in motion. A shallow, narrow microchannel (100-500 tm wide, 10-50 .tm deep) was wet etched into a glass plate. Deep reservoirs were then cut at the ends ofthe channel. A microscope cover glass was used to seal the channel. Holes were cut into the cover glass to allow access to the fluid reservoirs. We have optical access to the microchannel through the glass cover. The microchannel shown in fig. 1 was loaded with styrene microspheres. These spheres were negatively charged and not fluorescently labeled. We used electrodes to electrokinetically flow the spheres. Figure 2 shows the results of the flow experiment. We were able to observe sphere velocities about 1000 pm/s for small applied voltages (about 50V). Forthe chem-lab on a chip, low voltages make the device easier to fabricate. The microchannel illustrated in fig. 1 is typical of those used for flow separation techniques. Patterning techniques use a shallow channel but have a width comparable to the length. In both cases, the microchannel forms a micro-optical cavity with the cover. The microcavity is a Fabry-Perot etalon with weak reflecting surfaces. In a high quality cavity with highly reflective surfaces, only specific wavelengths oflight can exist due to interference effects. The microcavity depth determines which wavelengths can exist. Roughly, light whose wavelength is a half integral multiple ofthe cavity path length (depth times index of refraction) will interfere with itself constructively. These wavelengths are the resonant modes ofthe Fabry-Perot cavity. The sharpness of the modes or the finesse of the cavity (the quality of the cavity) is determined mainly by the reflectivity ofthe cavity surfaces'. Normal microchannels have poor reflectivity at the channel surfaces. The common substrates and covers are glasses and semiconductors that have reflectivities of only a few percent. Glasses and semiconductors, however, are easy to coat with dielectric layers that can be used to produce highly reflective surfaces (greater than 99% reflectivity). If a microchannel is prepared with dielectric reflectors, a high quality optical resonant cavity is produced. Such microcavities can enhance fluorescence emission from the sample in the microchannel.
This work extends our work on the biocavity laser2. The biocavity laser is a modified vertical cavity surface emitting laser in which the laser is created with room to accept chemical and biological samples within the laser cavity. The Fabry-Perot modes ofthe cavity are affected by the presence ofthe sample. In the case of particulate such as cells and viruses, they also cause spatial confinement of the laser light. The transverse modes supported by the laser when a cell is present in the cavity reflect the three dimensional shape of the cell. The biocavity laser depends upon a semiconductor gain region in order to support lasing. In this work we focus on the effects of the microcavity itself with no added gain region.
FLUORESCENCE ENHANCEMENT
Fluorescence emission and excitation can be enhanced in a microcavity when the Fabry-Perot modes overlap the fluorescent spectra ( fig. 3 ). For a thin cavity, there will be only a few modes within the high reflecting zone of the cavity mirrors. If one ofthe modes overlaps with the fluorescence excitation, the absorbance in the sample can be increased. Normally, with the thin samples in microchannels, less than 1% ofthe excitation light is absorbed. However, the Fabry-Perot modes represent resonant modes ofthe cavity. Hence the light is trapped in the cavity increasing the chance of absorption. This resonant enhancement ofabsorption increases the efficiency of the excitation light. In the chem-lab on a chip example, the excitation is to be a semiconductor source. Presently there are no reliable semiconductor lasers that emit in the blue. Therefore the chem-lab will probably make use of a blue light emitting diode to excite fluorescence. LEDs are not normally suited to fluorescence excitation because of their low power output and high divergence. However, with the microcavity enhanced absorbance, an LED may provide all ofthe excitation needed.
Additionally, the resonant modes ofthe microcavity may be designed to overlap with the fluorescence emission spectrum. In this case, the only observed fluorescence emission will be in a narrow band at the overlapped modes. The intensity of the emission in this limited bandwidth will be higher than the normal emission due to the resonant nature of the cavity3'4'5. Some molecules that would have emitted light at off-resonant wavelengths will be forced to emit at a resonant wavelength. Besides the limited emission intensity enhancement, the microcavity effects the fluorescence lifetime of the chromophores6'7'8. The change in lifetime could be used to probe the path length (index of refraction) changes in the cavity. Another advantage of overlapping the cavity modes with the fluorescence emission is a new form of contrast. The brightness of a cell will more or less correspond to the number ofmodes that overlap with the emission. The number of modes is dependent on the optical path length ofthe cavity which is effected by the very presence of a cell. By varying the thickness of a microcavity one could adjust it so that cells of interest would have more (or less) overlapping modes and therefore more (or less) intensity than normal cells. This new form of phase contrast depends on significant index of refraction changes between the normal cells and the highlighted cells. We have observed this effect in the biocavity laser. In that system, the background spontaneous emission of the semiconductor gain region was modified by the presence of cells. In some cases the cells increased the emitted intensity and in some cases decreased it.
Moreover stimulated emission is possible in the microcavities ifthere is sufficient optical gain in the sample. One example is a fluorescent dye that increases its quantum yield when bound to a ligand (such as when ethidium bromide binds to DNA). When the dye is in the bound state it may have enough fluorescence yield to support lasing but the unbound state would not have sufficient gain. Another example is a uluorescently labeled cell in which the gain regions will correspond to the fluorescently labeled structures. The spatially confined gain region will cause the laser to emit light with transverse modes that correspond to the shape of the gain region. This is much like our work with the biocavity laser in which the transverse modes correspond to the spatially confmed index of refraction changes due to the presence of a cell.
When stimulated emission does occur in a microcavity, it is easy to detect the analyte. First, the high contrast oflasing will make detection simple. Second, because the laser light is collimated, it is easy to direct all ofthe light into the detector.
We have observed lasing in microcavities filled with fluorescent dye but the optical modes had much less finesse than expected. To better understand the system, we calculated the reflectance, transmittance, and absorbance of a microcavity filled with an absorbing dye ( fig. 4) . In this figure, the Fabry-Perot modes of the cavity are seen as dips in the reflectance. Note that the high reflection mirror zone in the example extends from 
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Transmittance Reflectance Figure 4 Calculation of the optical properties of an absorbing dye filled microcavity.
MIRROR REFLECTIVITY
One ofthe reasons that the cavity finesse in our experiments was less than expected is that the reflectivity of the mirrors is effected by the index of refraction ofthe sample volume. In general the microcavity will be filled with a fluid, most likely water. For a dielectric mirror consisting of repeated pairs of quarter wave thick coatings (one high index, one low index) the reflectivity is given by equation 1 (N, number ofquarter wave pairs; n, index of substrate; nm, index ofmedium; nh, index ofhigh index dielectric; n1, index oflow index dielectric). The finesse of a cavity is given by equation 2. Figure 5 graphically ifiustrates these equations for a typical good dielectric reflector (99.6% reflectivity in air, f) and a very good dielectric reflector (99.99% in air, ; often sold as super mirrors). The graph clearly shows the dramatic decrease in reflectivity of the normal mirror while the super mirror has a very small change in reflectivity. This fact makes it imperative to create microcavities with very high reflectivities in orderto maintain a high finesse cavity. 
CONCLUSIONS
Microchannels make excellent candidates for microcavities. The usual materials (glasses and semiconductors) are easy to coat with dielectrics to create high reflectivity mirrors. The thin geometry ofthe channels used for flow or patterning systems is ideal to create optical cavities with well defined and separated modes. In a microcavity, optical resonance effects can be used to increase absorption or to enhance fluorescence emission. Either method leads to enhanced sensitivity to chemical or biological analytes in the channel. When producing a microcavity it is important to use mirrors with as high reflectivity as possible to overcome the effects of fluids in the channel.
